Abstract
Introduction
In addition, the subjects performed a modified version of the static and dynamic tactile 116 discrimination test (Dunn et al. 2013 ) with the index finger using bare hands and with Tegaderm.
117
Subjects were asked to discriminate five pairs of textured surfaces that differed in their 118 coefficient of friction; some were relatively easy to discriminate, and others had relatively small 119 differences in friction that were more difficult to discriminate. For each pair of surfaces, one 120 surface was presented twice, and the subject had to verbally indicate which surface differed from 121 the other two. Correct discrimination was given 1 point, for a maximum of 5 points, and the 122 average score across the 5 pairs of surfaces was computed. For static tactile discrimination, the 123 subjects were not allowed to move their index finger against the surface, whereas for dynamic 124 tactile discrimination they could move the finger against the surfaces. The tactile discrimination 125 test was not performed with foam because the two-point discrimination and monofilament tests 126 showed that tactile sensitivity was significantly impaired, and pilot trials with foam revealed that 127 individuals could not discriminate between the textures. Eight of the ten subjects were available 128 to perform this test.
129

Grasp and Lift Task and Experimental Apparatus
130
A custom-made grip device that measures the fingertip grip and load forces using 6 DOF 131 force-torque sensors (ATI, Apex, NC) at a sampling rate of 400 Hz was used in this study (Fig.   132 1A). The device was placed on a custom-made plate with electronic switches in it to detect the 133 timing of object lift. The weight of the object was kept constant at 250 g.
134
Subjects grasped the handle of the grip device using a precision grasp, and lifted it from 135 the plate with their right hand using wrist extension ( Figure 1B ) upon an auditory cue signal.
136
They grasped and lifted the object under three conditions: using bare hands, with a thin plastic Tegaderm underneath and on top of it. A strap was loosely placed over the forearm to remind 140 subjects not to move the forearm by flexing the elbow, but only use wrist action to lift the object.
141
Subjects were provided 7 seconds for each trial and were asked to complete the task at their 142 preferred speed. On average all subjects completed the task within 5 seconds and performed the 143 task with full vision. The room temperature (23.17±0.07 °C) and humidity (51.87±0.76%) were 144 maintained across all sessions.
145
The friction at the grip surface was varied by changing the custom-made caps fitted 146 snugly on the force sensors. Eighteen different frictional surfaces were affixed to the plastic caps.
147
To avoid an order effect, the grip surfaces were presented randomly. Each new grip surface was 148 unknown to the subject and was grasped in 7 consecutive trials; trials 2-7 were used for analysis 149 as it takes at least 1 trial to learn the association between surface friction and the necessary grip 150 force (Johansson and Westling 1984) .
151
We assessed the static coefficient of friction for the 18 surfaces separately using a mass 152 and pulley system ( Table 1) . A weighted block with a constant surface was pulled across each of 153 the surfaces. The static coefficient of friction, µ s , of each surface was computed as the ratio of 154 the average force, F (measured using ATI force sensors), required to initiate movement of a block 155 across the surface to the weight of the block, over 10 trials in each of the four cardinal directions,
156
where µ s =F/mg. Although two pairs of medical tape surfaces appear to have similar coefficients 157 of friction (i.e. 0.44 for T3, T8, and 0.59 for T6, T9), their textures were very different and 158 elicited different coefficients of friction at the fingertip-object interface (shown in Figure 3 ).
159
Muscle activity was recorded synchronously with force data using bipolar surface 160 electrodes (DE 2.1, Delsys) from eight muscles -abductor pollicis brevis (APB), first dorsal 
170
Force and EMG data were imported to and processed with Matlab (The Mathworks Inc.,
171
Natick, MA). The grip force was computed as the average normal force applied by the thumb 172 and index fingers, whereas the load force was computed as the sum of the tangential forces 173 exerted by the two fingers. Object lift was determined from the plate signals and verified with 174 the motion sensor. The data were smoothed using a moving average filter with a window of 175 ±12.5ms. Peak grip force rate was computed as the peak of the first order derivative of the grip 176 force between the onset of grip force (>0.1N) and object lift (Fig. 1C) . The slope at time t was 177 calculated using a time window of ±12.5ms. The loading phase was the time from onset of the 178 vertical load force to lift off. Efficiency of grip force was computed by the grip -load force 179 coordination (grip force/ load force) at lift for each frictional surface. The EMG signals were 180 filtered with a 5-500 Hz bandpass filter and a 60Hz notch filter and the root mean square of the 181 signal during the loading phase was calculated and normalized using the maximum voluntary 182 contraction (MVC) for each muscle.
We quantified the person-specific coefficient of friction at the fingertip-object interface 186 by measuring the slip ratio, because it takes into account both the friction of the material 187 (measured by the coefficient of friction shown in Table 1 ) and the friction at the fingertip, which 188 depends on the smoothness of the skin, moisture, and skin temperature which varies across device and slowly open their fingers to release it; this was repeated five times with each surface.
192
The grip surfaces were presented randomly to avoid an order effect. The grip force and load
193
force at the moment of object slip (detected using the motion sensor data on the grip device)
194
were used to compute the slip ratio (grip force/load force) for each surface. The slip ratio
195
indicates the minimum grip force needed to prevent slipping (Johansson and Westling 1984) .
196
The slip ratio derived in this manner was not affected by the mechanical factors during the 
Statistical Analysis
203
The statistical analyses were conducted using Rstudio (version 0.98 
RESULTS
253
Standard neurological tests of tactile sensibility showed that the thresholds for two-point 254 discrimination and pressure sensitivity did not differ with bare hands and Tegaderm, but were 255 significantly higher with foam (p<0.05) (Fig. 3, A indicates the between-subject variability. In contrast, when the Tegaderm is applied to the 271 fingertip, the correlation between the inverse of the slip ratio and the COF reduces (r=0.68).
272
Nevertheless, the correlation between the coefficients of friction obtained using the slip ratio method with bare hands and with the fingertip coated with Tegaderm were very highly correlated (Fig. 5) . The grip force onset times were similar under the three conditions. The rough and 280 smooth objects were lifted at approximately the same time with bare hands (Fig. 5A) . However,
281
Tegaderm delayed lift for the smooth object ( Fig. 5B) , whereas foam delayed lift for both the 282 rough and smooth objects ( foam.
286 Figure 6 shows the relationship between the log peak grip force rate (log PGFR) and the 287 log slip ratio across the 18 grip surfaces under the three experimental conditions; values for each 288 subject are shown as different colored dots. When subjects grasped the handle with bare hands,
289
the log PGFR increased linearly with the smoothness of the surface, as higher log slip ratios 290 indicate a smoother surface (Fig. 6A, β=0 .28, p<0.001). In contrast, adaptation to surface friction 291 was impaired when Tegaderm and foam were applied to the fingertips, as the slopes with 292 Tegaderm (Fig. 6B, β=0 .1, p<0.001) and foam (Fig. 6C, β=0 .09, p<0.001) were relatively flat,
293
and differed significantly from that obtained with bare hands (p<0.001). Subjects seemed unable
294
to scale the applied grip force rate to rough textures when their fingers were covered with and was not significantly different between bare hands and Tegaderm (p>0.05), but it was 298 significantly higher with foam than with bare hands (p<0.001).
299
The efficiency of grip force execution across the 18 grip surfaces was assessed by the 300 ratio of the grip force to the load force at lift (Figure 7) . When tested with bare hands, the log 301 grip-load force ratio increased proportionally, within subjects, with the smoothness of the 302 grasping surface (Fig. 7A, β=0 .32, p<0.001). In contrast, grip force efficiency was impaired 303 when Tegaderm and foam were applied to the fingertips. The slopes β obtained with Tegaderm 304 (Fig. 7B, β=0 .19, p<0.001) and foam (Fig. 7C, β=0 .1, p<0.001) were relatively flat, and differed
305
significantly from those obtained using bare hands (p<0.001). These findings indicate that the 306 grip force efficiency is also impaired when Tegaderm and foam are applied to the fingertips.
307
In addition, we note that the magnitude of the log grip-load force ratio was progressively Finally, we examined the relationship between muscle activity and surface friction in 314 order to understand the extent to which sensory input from the fingertips modulated motor output 315 during precision grasp behavior. During the loading phase of grasp (Fig. 8A) Tegaderm and foam even in these muscles, the activity was not significantly related to the slip 323 ratio of the surfaces being grasped (Fig. 8C, data grip force efficiency, requiring the use of higher grip forces particularly for the rough surfaces.
368
The friction at the fingertip-object interface during precision grasp is sensed at contact,
369
and is thought to be mediated by the rapidly adapting or fast adapting FAI receptors that are 370 sensitive to low frequency (5-50Hz) skin deformations that occur during movement of a surface 
390
It is interesting to note that dynamic tactile discrimination was not impaired by conditions. However, we found that the intrinsic finger muscles, the first dorsal interosseous and results are consistent with a recent study which showed that adaptation of load forces to object 413 weight is proportionally scaled to activity in the task-specific lifting muscle (Lu et al. 2015) .
414
Taken together, these results suggest that appropriate adaptation of forces is directly related to 415 fine tuning of task-specific muscles during execution.
416
It has previously been shown that reactive muscle adjustments include synergistically 417 acting muscles, including the intrinsic and extrinsic muscles of the fingers, and flexors and 418 extensors of the wrist and arm (Johansson and Westling 1988b; Macefield and Johansson 1996) .
419
It is possible that the extrinsic finger muscles would be additionally recruited when lifting 420 heavier loads, and that other muscles may be selectively recruited for adaptation to different task 421 conditions. The design of this study made it possible to isolate the muscles and the sensory 422 inputs needed for selective muscle activation in response to changes in surface friction during 423 precision grasp. Our results suggest that sensory information from the fingertips is tightly 424 coupled with specific motor responses, and reduced sensitivity to static tactile discrimination can 425 attenuate adaptive modulation of activity in the appropriate task-specific muscles.
426
Conclusion
427
The comparisons of interest in this study were within-subject differences in the 428 relationship between surface friction and grip forces during precision grasp with bare hands, (LT) muscles, for lifts 2-7; and C. Relationship between the log FDI activity and the log slip ratio across the 18 grip surfaces during the loading phase with bare hands, Tegaderm, and foam.
615
Average values for each subject are shown using different colors. 
